Abstract Leather tanning effluents are a source of severe environmental impacts. In particular, the unhairing stage, belonging to the beamhouse processes, generates an alkaline wastewater with high concentrations of organic matter, sulphides, suspended solids, and salts, which shows significant toxicity. The objective of this work was to evaluate the biodegradation of this industrial wastewater by combined oxidative and biological treatments. An advanced oxidation process (AOP) with Fenton's reagent was used as batch pretreatment. The relationships of H 2 O 2 /Fe 2+ and H 2 O 2 /COD were 9 and 4, respectively, reaching an organic matter removal of about 90%. Subsequently, the oxidised beamhouse effluent was fed to an activated sludge system, at increasing organic load rates (OLR), in the range of 0.4 to 1.6 g COD/L·day. The biological organic matter removal of the pre-treated wastewater ranged between 35% and 60% for COD, and from 60% to 70% for BOD. Therefore, sequential AOP pretreatment and biological aerobic treatment increased the overall COD removal up to 96%, compared to 60% without pretreatment. Bioassays with D. magna and D. pulex showed that this kind of treatment achieves only a partial toxicity removal of the tannery effluent.
Introduction
The leather tanning industry generates about 50 to 60 m 3 wastewater per ton of raw wet salted animal hides, usually processed batchwise. The main process steps are beamhouse (soaking, unhairing/liming, fleshing) and tanning itself (Konrad et al., 2002) , generating a variety of very complex effluents, characterized by high salinity, organic matter and ammonium content, extreme pHs, and the presence of specific toxic compounds, as sulphides and chromium (Cooman et al., 2003; Rivela et al., 2003) . The application of biological processes to industrial wastewater treatment may still face some difficulties, mainly due to the presence of inhibiting and/or biorecalcitrant compounds, like high molecular weight proteins.
The oxidation of organic matter can also be reached by using physical and/or chemical processes. The combinations of different oxidizing agents (chlorine, ozone, Fe(II), H 2 O 2 ), also in the presence of UV radiation and/or TiO 2 catalysis, are considered as advanced oxidation processes (AOPs). In order to allow a significantly higher aerobic biodegradability of poorly biodegradable industrial wastewaters, and to break up refractory or toxic organic matter, the integration of an AOP step seemed to be promising Jochimsen et al., 1997) .
The objective of this work was to evaluate the biodegradation of beamhouse (unhairing/liming) wastewater generated by a local tannery, applying a combined oxidative and biological treatment, using the combination of H 2 O 2 with Fe 2+ or Fe 3+ , known as Fenton's reagent, and an aerobic activated sludge (AS) treatment.
Materials and methods

Raw unhairing wastewater
Raw wastewater was obtained from a local tannery, preliminary treatment was by coarse filtration to remove hair, pieces of skin and flesh, and it was stored in the dark at 4 ± 1°C until use.
Advanced oxidative pretreatment (AOP)
As reported by Nieto et al. (2001) , 8-, 4-and 2-times diluted wastewater was oxidised by Fenton's reagent during 15 min in a stirred batch reactor (1 L). After 30 min settling, the AOP residual sludge was completely separated from the oxidised unhairing wastewater. The relationship H 2 O 2 /Fe 2+ and H 2 O 2 /COD was 9 and 4, respectively (Tang and Huang, 1997) .
Biological treatment
An activated sludge system (AS), including an aerobic reactor (1.8 L) and a settling unit (0.6 L), (see Figure 1 ) was operated during some months with raw, untreated beamhouse wastewater, to obtain an acclimated biomass . For the present experiments, the AS system was fed continuously during 27 days with the POA-pretreated wastewater, beginning at low OLR (0.43 gCOD/L·day) and BOD 5 /COD ratio equal to 0.31. Then, it was increased progressively up to 1.60 g COD/L·day. Hydraulic retention time (HRT) was almost constant, equal to 1 d. The system operated at very high biomass concentrations, up to 35 g MLVSS/L, corresponding to an F/M ratio of about 0.01 to 0.02 d -1 . The sludge was periodically recycled and the excess was withdrawn from the settler in order to obtain a 30 day aged sludge. Dissolved oxygen concentration in the reactor was maintained above 6 mg/L by a diffuser aeration system, which also provided mixing. No nutrients were added. To evaluate the biomass behaviour, the settling properties were characterized through the sludge volume index (SVI).
Bioassays
Acute toxicity of influent and effluent was determined by exposing Daphnia pulex and Daphnia magna juveniles (< 24 h) during 24 h and 48 h, and recording mortality at the end of exposure, defined as lack of organism mobility when the vessel was shaken. Toxicity tests were carried out within 48 h after the samples were taken. The bioassays test procedure was according to Cooman et al. (2003) . Cultures and exposures were conducted at G. Vidal et al. 288 Figure 1 Schematic representation of the biological treatment with oxidative pretreatment stage. 1. raw beamhouse wastewater; 2. stirred batch POA-reactor; 3. POA-pretreated effluent; 4. storage/settling tank; 5. aerobic AS-reactor; 6. biomass; 7. biomass recirculation; 8. secondary clarifier; 9. aeration system; 10. POA-biological-treated effluent 20 ± 2°C, with a photoperiod of 16 h L:8 h D (USEPA, 1993) . The 24 and 48 h median lethal concentrations (LC 50 ) were calculated using the Probit and Spearman-Karber methods, as appropriate (Finney, 1971) , and expressed in % of effluent which caused the toxic effect.
Analytical methods
Chemical oxygen demand (COD), biological oxygen demand (BOD 5 ), colour, total solids (TS), volatile solids (VS), total suspended solids (TSS), mixed liquor volatile suspended solids (MLVSS), nitrate (N-NO 3 -), nitrite (N-NO 2 -), sulphide (S 2-), sulphate (SO 4 2-), chloride (Cl -) and ammoniacal nitrogen (N-NH 3 ) were carried out according to Standard Methods (APHA, 1985) . Total Kjeldahl Nitrogen (TKN) was determined by digestion with sulphuric acid and selenium reagent, distilled in a Kjeldahl apparatus and titrated with hydrochloric acid. Samples for COD, BOD 5 , colour, N-NO 3 -, N-NO 2 -, TKN, S 2-, SO 4 2-, Cl -and N-NH 3 were previously membrane filtered (0.45 µm).
Results and discussion
Characterization of the beamhouse wastewater
The characteristics of the raw effluent are summarized in Table 1 . It shows a high pH, and also very high organic matter content (BOD 5 = 10.3 g/L, COD = 31.9 g/L), mainly due to soluble proteins coming from animal hides. Additionally, the high total nitrogen concentration (3 g/L) and its salt content (chloride = 22 g/L, sulphide = 1.15 g/L), could produce an inhibitory effect at the biological stage.
Subsequent UF-fractionation of the organic fraction showed that most of the COD (70%) has a molecular weight higher than 10,000 Da, representing mainly high molecular proteins, which may be recalcitrant to aerobic biodegradation. Due to this, no toxic contribution can be expected from this compound (Klinkow et al., 1998) .
Advanced oxidative pre-treatment Table 2 shows the results of the oxidative pretreatment using Fenton's reagent. For both COD and BOD, the removal efficiency ranged from 85 to 91%. On the other hand, the AOP pretreatment produced an increased bioavailability of the organic matter, since the BOD 5 /COD ratio increased significantly from around 0.25 in the raw effluent, to an average of 0.33 in the treated wastewater. combined oxidative and biological treatment. Results from the AS show that the removal efficiency of COD and BOD 5 ranged between 34-58% and 59-69%, respectively. Even if the removal efficiency of the biological stage individually may be lower as the equivalent treatment of raw beamhouse wastewater, the efficiency of the combined treatment clearly is higher than the biological treatment, mainly for COD, since a significant fraction of recalcitrant COD is degraded chemically, and another fraction is made bioavailable to a biological treatment. So, the overall organic matter removal efficiency by combined oxidative and biological treatment ranged between 91 and 96%. In the studied range, the influence of OLR seems not to be significant. The AS system was very stable during the operation period. In spite of the high biomass concentration in the reactor (13 to 35 g MLVSS/L), the settling properties were excellent, with SVI values below 15 mL/gMLVSS. Additionally, the organic fraction of the TSS content increased progressively to values of VSS/TSS around 0.8-0.9, indicating that the inorganic compounds were efficiently separated in the settler after AOP. Figure 2 shows the behaviour of COD and BOD 5 according to the treatment stages: in this case, raw wastewater was analysed with dilution equal to 8. The relation of BOD 5 /COD in raw wastewater is 0.26 (see Table 2 ). It changes to 0.31 and 0.19 after AOP and AS treatments, respectively. Figure 2 shows that the AOP increases the degradation whereas the biological treatment improves the efficiency of COD and BOD 5 removal. Bornhardt et al. (2001) show that, with the AS treatment alone, the removal efficiency of the COD is around 60% in similar conditions. G. Vidal et al. 290 On the other hand, bioassays with daphnids showed that D. pulex was more sensitive to the toxic effect of the wastewater components, and that the treatment sequence did not remove any toxicity. Figure 3 shows the results for D. magna. A higher concentration of effluent (LC 50 ) represents a lower toxicity. As was expected, a 48 h exposure at higher OLR caused an increased toxic effect. Additionally, the treatment produced only a partial reduction of toxicity (reduction range between 10-30%). This fact corroborates the findings of Cooman et al. (2003) , that the toxic effect arises mainly from inorganic components of the tannery wastewater.
Biological treatment
Conclusions
Combined sequential AOP-biological treatment can improve the organic matter removal from raw unhairing wastewater to values over 95%. Also, combined oxidative and biological treatment of the raw unhairing wastewater removed partially the toxicity for D. magna and D. pulex. However, future research should evaluate the treatment sequence biologicaladvanced oxidation -biological for raw unhairing wastewater, in order to save reagents and obtain a lower amount of residual sludge from the oxidative treatment. 
